Diluted magnetic semiconductors ͑DMSs͒ such as GaMnAs have attracted a lot of attention in the past decade because of their interesting magnetic properties and their potential applications in future devices. The origin of ferromagnetism in bulk GaMnAs is attributed to the p-d exchange between the electrons populating a half filled d-shell of the Mn atoms and the p-like valence band holes of the Mn acceptor. Therefore DMS nanostructures such as Mn doped InAs/GaAs quantum dots ͑QDs͒ are expected to exhibit magnetic, electronic and optical properties making them interesting as building blocks for spintronic devices utilizing the quantized properties of the charge carriers confined in them. The fact that these nanostructured spintronic devices can be electronically and optically active as well makes them even more attractive. The most spectacular work in this field concerns the analysis of QDs doped with a single magnetic impurity.
1,2 The growth of magnetic II/VI QDs is well established in contrast to the situation for III/V magnetic QDs. Although several groups [3] [4] [5] [6] have reported on the growth of Mn doped InAs QDs in GaAs there is hardly any evidence that these Mn doped structures are truly magnetically active and that Mn is incorporated in the structures. Although many characterization techniques have been employed to study these magnetically doped dots the research is severely hampered by the lack of a proper technique to visualize the incorporation of Mn in InAs QDs. This lack of high resolution data often leads to a high degree of speculation in the interpretation. In the past we have used cross-sectional scanning tunneling microscopy ͑X-STM͒ to image the structural properties of individual QDs. 7 The same technique was used by us to analyze individual Mn impurities in detail 8 and thus X-STM is an ideal tool to study the incorporation of Mn in InAs QDs. Such analysis should be able to resolve several controversies that exist in this young field of the growth of magnetic III/V QDs. It is, for example, still not clear whether Mn acts as a surfactant or as nucleation point for QD formation. 4, 5 Also on other issues like the influence of Mn doping on PL emission of QDs, different experiments 9-11 obtained contradicting results. This makes an analysis of Mn doped QDs at atomic scale necessary. In this letter, X-STM results on Mn doped InAs/GaAs QDs are reported. Emphasis is put on the incorporation mechanism rather than the behavior of the Mn acceptor inside the QD.
The experiments have been performed on three sets of samples which will be called set A, B, and C. They are all grown with molecular beam epitaxy ͑MBE͒ on ͑001͒ GaAs n-type substrates. The two-dimensional-three-dimensional transition related to QD formation was monitored with reflection high-energy electron diffraction. For the first two sets, the growth temperature was measured carefully with a BandiT 12 system. For the third set, the temperature was monitored by a thermocouple and a pyrometer.
Set A was designed to find a suitable growth procedure to incorporate as many Mn atoms as possible in the InAs QDs. This set consisted of four wafers in which the Mn has been incorporated in the InAs QDs in four different ways; Mn deposition on the GaAs surface prior to the growth of 2.1 ML of InAs, the growth of 0.1 ML of InMnAs followed by 2.0 ML of InAs, the growth of 0.1 ML of InMnAs sandwiched between two 1.0 ML of InAs layers and finally termination of the GaAs buffer layer with GaMnAs before 2.1 ML of InAs was deposited. The growth temperature for set A was put at T = 450°C to limit segregation and still obtain optically active QDs. The total amount of deposited Mn in all four cases was about 10 11 cm −2 corresponding to 0.016%. The same MBE setup was used to grow set B which was designed to characterize the segregation behavior of Mn ␦-layers in GaAs at temperatures of T = 350 and T = 400°C.
Set C was grown in a different MBE setup where more extreme conditions were used to incorporate Mn in InAs QDs. In this sample, six QD layers were grown with intended amounts of Mn ranging from 0% to 5% at a further reduced growth temperature of T = 320°C. A total of 2. In Fig. 1 a typical image of a sample from set A is shown. The QD size and shape are poorly defined due to the low growth temperature. The Mn atoms in the image, recognizable by their characteristic bowtie shape, 8 have segregated in the growth direction. Only occasionally, Mn atoms are observed in the wetting layer and no cases were found where a Mn atom is visible inside the QD. A similar behavior was found in all the respective samples in set A. Thus irrespective of the growth procedure of the samples in set A, segregation of the Mn atoms dominates the Mn distribution and consequently limits the incorporation of Mn in the QD layer.
Because of the high resolution of X-STM, we were able to study the Mn distribution in more detail. In Fig. 2 , Mn distribution profiles are shown which were obtained on samples from set B. The profiles for the two different growth temperatures show a similar fast decay in the Mn distribution in the layers immediately above the intended doping layer. This fast decay ends at about 40 nm away from the intended doping layer. In the interval ranging from 40 nm to 150 nm the Mn concentration is constant and finally drops to zero beyond this interval. The relatively fast decay is related to segregation of the deposited Mn as reported before. 13 The second part of the profile with the constant Mn concentration is probably caused by Mn desorption from the sample holders and walls of the growth chamber and subsequent deposition on the sample. This memory effect of the growth chamber stops after the growth of about 150 nm GaAs which corresponds to approximately 25 min growth time after the Mn cell was opened. It must be noted that the amount of Mn in this second part of the graph is below the SIMS detection limit.
14 Furthermore, the lower concentration of Mn at a growth temperature of T = 400°C compared to a growth temperature of T = 350°C is probably due to Mn desorption from the growth front which is more important at higher growth temperatures.
In order to maximize the Mn incorporation in InAs QDs it is very important that segregation is minimized even further by decreasing the growth temperature. Furthermore, we have increased the doping concentration considerably. The low growth temperature is however a major problem for the quality of the grown QDs. Lower temperatures result in smaller less well defined QDs having a larger number of internal defects causing very poor optical properties. Nevertheless the samples of set C are grown at a temperature of 320°C. In this sample the total amount of deposited InAs is 2.4 ML and the intended Mn doping is increased stepwise up to 5%.
In the samples of set C we observed that even at T = 320°C, segregation of Mn in the growth direction is very important. However because of the high amount of Mn deposited, the chance of finding a Mn atom inside a QD is highly improved. In Fig. 3 , a topographic image and the current image ͑which resembles a spatial derivative of the topography image͒ of a QD with several Mn atoms in and around it are shown. Mn features are indicated by the characters A to E.
The Mn feature A represents an example of a single Mn atom in GaAs. The bowtie shape of the deep Mn acceptor in bulk GaAs with a binding energy of 113 meV is well understood 8 and is due to the charge distribution of the hole bound to the Mn acceptor. Similar features have been observed in Mn doped InAs 15 where Mn behaves as a shallow acceptor with a binding energy of about 28 meV. Feature B represents a Mn atom in the wetting layer and its shape seems to be marginally affected by the strain and confinement potential of the InGaAs wetting layer. Mn C is located exactly at the interface of the InAs QD and the GaAs matrix. The contrast of a Mn atom at the interface shows part of the bowtie in the GaAs area whereas the contrast in the QD is absent. It is not yet clear why the Mn contrast is absent in the QD. We observed that the number of Mn atoms residing at the interface is far larger than the number of Mn atoms in the QD. We think that this is related to the formation energy for the incorporation of a Mn acceptor in an InAs nanostructure as calculated by a DFT method. 16 These calculations show that the formation energy also increases for smaller InAs nanocrystals ͑300→ 500 meV͒. We suggest that this forma- potential confinement and position near to the cleaved surface 18 are expected to have an impact on the wave function of the Mn acceptor. Unfortunately within a QD all these mechanisms play a complicated role and thus it is very difficult to explain at the moment why we see these specific Mn features in the dot. The same applies for the missing part of wave function in the dot for Mn atoms at the InAs/GaAs interface of the dot.
In conclusion, we have shown that Mn segregation is a major problem which strongly limits the incorporation of Mn atoms in a QD. Even at a low growth temperature of T = 320°C segregation still dominates the Mn distribution. However in strongly doped structures we have observed large numbers of Mn acceptors present in the wetting layer and a limited number of Mn atoms in a QD. Mn incorporation in QDs is possibly further complicated by strain induced segregation toward the InAs surface of the QD. 
